A series of tris-heteroleptic iridium complexes of the form [Ir(C^N 1 )(C^N 2 )(acac)] combining 2-phenylpyridine (ppy), 2-(2,4-difluorophenyl)pyridine (dFppy), 1-phenylpyrazole (ppz) and 1-(2,4-difluorophenyl)pyrazole (dFppz) as the C^N ligands has been synthesized and fully characterized by NMR, X-ray crystallography, UV−vis absorption and emission spectroscopy, and electrochemical methods. It is shown that "static properties" (e.g. absorption and emission spectra and redox potentials) are primarily dictated by the overall architecture of the complex, while "dynamic properties" (e.g. excited state lifetime, radiative and nonradiative rate constants) are, in addition, sensitive to the specific positioning of the substituents. As a result, the two complexes 2 [Ir(dFppy)(ppz)(acac)} and [Ir(ppy)(dFppz)(acac)] have same emission maxima and redox potentials but their radiative and nonradiative rate constants differ significantly by a factor ~2. Then acac (acetylacetonate) was replaced by pic (picolinate) and two pairs of diastereoisomers were obtained. As expected the use of pic as ancillary ligand results in blue-shifted emission, stabilisation of the oxidation potential and improvement of the photoluminescence quantum yield and only minor differences in optoelectronic properties are found between the two diastereoisomers of each pair.
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Introduction.
Cyclometalated iridium complexes are widely studied for a range of applications including solar energy conversion, [1] [2] [3] [4] [5] [6] [7] [8] organic light emitting diodes (OLEDs), [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] light-emitting electrochemical cells (LEECs), [26] [27] [28] [29] [30] [31] [32] [33] [34] sensing, [35] [36] [37] [38] [39] imaging, [40] [41] [42] [43] and synthetic methodologies. 44, 45 For more than two decades, these complexes have been particularly appealing because of the excellent performance of their excited states, specifically their relatively short triplet excited state lifetimes, wide colour tunability, and generally high phosphorescence quantum yield. [46] [47] [48] [49] The photophysical and electrochemical properties of the complexes are crucial for the performance of the materials for a given application and different applications may require a different set of properties. Interestingly, these properties can be precisely adjusted through engineering of the chemical structure of the complexes. However, because these properties are ultimately all linked to the same chemical structure, modifications to tune a given attribute also cause undesired variations in many others. For example, the most common strategy to blue-shift the emission of cyclometalated iridium complexes is to introduce electron-withdrawing substituents, in particular fluorine, on the orthometalated phenyl group. By stabilizing the HOMO (highest occupied molecular orbital) more than the LUMO (lowest unoccupied molecular orbital), an increased HOMO-LUMO gap is obtained, which generally translates into emission at higher energy. However, stabilizing the HOMO also means an increase of the oxidation potential. 50 It is only recently that the rationalisation of the effect of substituents on HOMO and LUMO energies allows for tuning the emission colour independently of the energy of the HOMO using electron-donating groups. 51 The radiative and non-radiative rate constants, respectively kr and knr, make for another set of parameters crucial to the performance of the emissive complexes as they dictate the photoluminescence quantum yield (PLQY, F) and lifetime of excited state (t).
Across a series of complexes, kr is generally rationalised based on the amount of metal character in the emitting excited state and the energy gap between the singlet and triplet states, while knr is explained with intramolecular vibronic coupling and thermal accessibility of metal-centred states. [52] [53] [54] [55] [56] A number of design strategies have been used to control the rate constants to improve the properties of the emitting state. A major drawback of these strategies is that they invariably result in concomitant variation of the emission colour and/or redox potentials of the complexes because of the intimate interplay between chemical structure and properties. [57] [58] [59] Therefore distinguishing the exact effect of a structural modification on specific properties is still a major challenge.
Herein, a design approach allowing variation of the radiative and non-radiative rate 
Results and discussion

Synthesis
All tris-heteroleptic acac complexes 3 and 6-10 were synthesized in two steps starting with heating the selected ligands in the presence of an iridium source, IrCl3. that condition A was the most generally applicable. Importantly, the tris-heteroleptic complex is the major species, but for entry 4, 8 and 11 of Table 1 . Assuming a stepwise coordination of the two ligands to form the final dimer, a two step mechanism can be hypothesised as follows:
in step 1, the iridium starting material, "IrCl", reacts with a first ligand to give an intermediate "Ir(C^N)Cl" species that reacts with another ligand in step 2 to give the chloro-bridged dimer.
Under condition A using an iridium(III) starting material, both steps can be considered to proceed through electrophilic substitution, while with conditions B and C using an iridium(I) starting material, the first step is ascribed to an oxidative addition followed by an electrophilic substitution. The yield of bis-phenylpyrazole complexes is always low with conditions B and C (entries 5, 6, 8, 9, 11, 12, [14] [15] [16] [17] [18] , suggesting phenylpyrazole is disfavoured during the oxidative addition. However, this is balanced by the higher reaction rate of the fluorinated ligands. 72 On the other hand, in the case of electrophilic substitution, the reaction rate is disfavoured by the presence of electron-withdrawing groups on the ligand, 72 The acac complexes can be purified using standard chromatography techniques with silica gel (see Figure S7 for TLC analyses), using triethylamine to limit the degradation induced by the acidic silica. The pic complexes were obtained by reacting 3 and 9 with BF3 in acetonitrile to give the bis-acetonitrile complexes, followed by reaction with picolinic acid in the presence of a base. The diastereoisomers have been purified by HPLC. All isolated Figure 1 and selected crystallographic data are provided in Table 2 and Table 3 . Details for all others structures are given in the supporting information. As expected, all complexes have a slightly deformed octahedral coordination geometry around the iridium center with the usual cis-C,C trans-N,N chelate configuration. 
Electrochemistry
The oxidation and reduction potentials were measured by cyclic voltammetry in degassed acetonitrile containing 0.1 M tetrabutyl ammonium hexafluorophosphate (TBAPF6). The data are summarized in Table 4 ; the voltammograms are shown in Figure 2 for the acac complexes and in Figure 3 for the pic complexes.
All pyridine-containing complexes show quasi-reversible oxidation and reduction potentials. As expected, the reduction potentials of the bis-pyrazole complexes 4, 5 and 6 are outside the limit of the system and are therefore not measurable. As the two pairs of diastereoisomers 3a-b and 9a-b contain at least one pyridine group, they also show quasi-reversible oxidation and reduction potentials (Figure 3) . The principal effect of replacing acac with pic is to anodically shift both oxidation and reduction potentials by ~150 mV without changing the electrochemical gap (3.06-3.11 eV compared to 3.09-3.10 for 3 and 9). The four complexes display very similar redox potentials demonstrating further that these energy levels are primarily dependent on the overall structure and composition of the complexes, and not on the particularities of the chemical structures. This is confirmed by theoretical calculations (see Supporting information) showing that the localization of the HOMOs and LUMOs are similar for the four complexes. Furthermore, the orbitals of these complexes are similar to those of FIrpic, another well studied Ir complex, which is not surprising considering the similarity between these molecules. [73] [74] [75] [76] [77] [78] In their ground-state, 3a-b and 9a-b isomers all have HOMOs composed of significant Ir(5d) character, at around 50%.
All the occupied orbitals have some degree of Ir(5d) character and some ligand π orbital character, with the maximum Ir(5d) contribution appearing in HOMO-1 at 61% for 3a-b; in HOMO-2 at 67% for 9a, and in HOMO-1 at 60% for 9b. The lower lying unoccupied orbitals have much lower Ir(5d) character (at around 1%) and are mostly ligand-centred. 
Photophysical properties
The UV-visible electronic absorption spectra and luminescence spectra of complexes 1-10 are shown in Figure 4 and the spectra for complexes 3a-b and 9a-b are shown in Figure 5 . Data are summarized in Table 4 .
As for other cyclometalated iridium complexes, the absorption spectra are dominated as the overall number of fluorine substituents is increased. Replacing a pyridine with a pyrazole induces only a minor broadening (~100 cm -1 ) of the spectra without changing the emission maxima (1 vs 7; 2 vs 8; 3 vs 9 and 10). This is in line with the HOMO-LUMO gap also not being affected by the structural change, and demonstrates that for these acac complexes the difference between the electrochemical gap and the optical gap is fairly constant and independent of the presence or not of a pyrazole unit. Combined with the UV-vis profiles and redox potentials, these clues strongly suggest that the excited state is localized on the phenylpyridine ligand.
As seen above, replacing a pyridine with a pyrazole in complexes 1-3 has virtually no effect on the redox potentials and emission spectra. However, such structural modification has a significant impact on the radiative and non-radiative rate constants. Excited state lifetimes and quantum yields have been measured, see Table 4 , and used to calculate radiative When comparing the a and b diastereoisomers, no significant differences can be found: 3a and 9a are very similar to 3b and 9b, respectively. The only statement that can be made without exercising too much speculation is that isomers a with the pyridine of the pic trans to the dFppy ligand have a slightly higher (about 10%) absorption coefficient throughout the absorption spectra and that their excited state properties are more favourable due to a slightly lower knr. This close similarity between the two isomers is confirmed by theoretical calculations. The absorption spectra at the ground-state equilibrium geometry were calculated using LR-TDDFT. A total of 45 (singlet) states for each complex were computed in order to cover the experimental absorption spectra range. The details of the transitions with largest oscillator strengths are given in Table S10 . The spectra obtained with the calculations are in good agreement with experiments ( Figure 6 ). The first excited state (S1) of both isomers has an MLCT character and a large HOMO→LUMO contribution, which is however less than 50% in all four cases. geometries ( Figure 7) . The density differences also show particularly well that the first triplet has a combination of MLCT and LC characters, since we can distinguish the electron (blue color) and hole (red color) contributions to the state. The similarity between the electronic structures -observed in both the spin densities and the density differences -of the two isomers excludes the possibility that it causes difference in broadness observed in the emission spectra. This suggests that this difference is very likely due to vibronic couplings.
These vibronic couplings may also be responsible for the nonradiative deactivation of the excited states. 54 Because of the similarities between the isomers, we will briefly discuss the pairs in comparison to their parent acac complexes 3 and 9. Compared to 3, 3a-b show ~0.06 eV blueshifted absorption and emission spectra, and 9a-b show ~0.06 eV blue-shifted absorption and ~0.14 eV blue shifted emission spectra compared to 9. So while both 3 and 9 display emission maxima in the green at 502 nm, 3a-b emit at 485-489 nm and 9a-b at 475 nm, both in the bluish-green region with 9a-b coming close to FIrpic (468 nm) in spite of having only two fluorine substituents.
A change of ancillary ligand is a common strategy to tune the emission color of cyclometalated iridium complexes either because La is non-chromophoric and affect the energy of the HOMO much more than the energy of the LUMO 57 or because La is chromophoric, which can result in the ancillary ligand being the emitting ligand. 84, 85 In our case, pic is a non-chromophoric ligand; therefore changing acac for pic was expected to result in a blue shift due to larger stabilization of the HOMO. As just seen, the emission is indeed blue shifted in complexes 3a-b and 9a-b compared to 3 and 9, respectively. However, this cannot be attributed to a larger stabilization of the HOMO as the electrochemical gap can be considered constant on going from acac to pic (see Electrochemistry section above).
Therefore the reasons for the observed blue shift have to be attributed to the additional term differentiating the electrochemical gap with the optical gap. 86 
Conclusion
In summary, a series of tris-heteroleptic cyclometalated iridium(III) complexes Exploration of various reaction conditions to obtain the chloro-bridged iridium dimer showed that both Ir(I) and Ir(III) can be used as starting materials to obtain tris-heteroleptic complexes and that the most suitable depends on the core and substituents of the ligands used.
Photophysical and electrochemical studies showed that absorption, emission wavelength and redox properties are governed primarily by the overall structure of the complexes, while dynamic properties such as radiative and non-radiative constants are controlled by the specific placement of the substituents. As a result, it is possible to vary kr and knr without impacting significantly other properties.
When pic was used as the ancillary ligand, it was found that both diastereoisomers have very similar photophysical and electrochemical properties. It may therefore be possible to use the mixture of isomers as materials for application without the need for tedious purification.
